The state of stress within and around a reservoir is a key parameter for fluid flow, fracture stimulation, design of wellbore arrays and wellbore stability. Therefore pore pressure induced stress changes (pore pressure/stress coupling) have immediate implications for the reservoir management. We analyze the effects of pore pressure changes on the individual components of the principal stress tensor and not only the minimum horizontal stress component. The results show that pore pressure stress coupling has a tensor character and can cause significant changes in the stress field within the reservoir as a function of distance to the injection point and tectonic regime. The tensor character of pore pressure/stress coupling leads to changes in the differential stress of the system which is essential for fault reactivation. It is demonstrated that injection as well as depletion can lead to fault reactivation, and that the rock stability depends on the tectonic regime and on the location with respect to the injection (depletion) point. Furthermore, the tectonic regime can be locally modified within the reservoir. Thus an improved understanding of pore pressure/stress coupling effects contributes to fault seal prediction, optimized placement of in-fill wells, stimulation operations and wellbore stability assessment.
Introduction
Hydrocarbon and geothermal reservoirs experience changes in pore pressure during production. Secondary production methods may be needed to keep up reservoir pressure. However, injection and depletion occur normally not homogeneously throughout a reservoir. Hence, changes in pore pressure P spread through the reservoir or compartment with time, thus depend on the distance to the injection (production) well. We focus on the effect of pore pressure/stress coupling (Engelder and Fischer, 1994; Hillis, 2000) , the change of total stress associated with the change in P. In the hydrocarbon industry the smaller horizontal stress σ h is considered because σ h can be deduced with methods such as hydraulic fracturing and leak off tests (Haimson, 1975) . Observations show that Δσ h /ΔP is on average 65% (Teufel et al., 1991) , and thus not negligible. According to Engelder and Fischer (1994) , the total vertical stress σ v is given by the overburden and is assumed to be unaffected by changes in P.
In this work we develop a simple theoretical basis for understanding the state of stress within reservoirs during the processes of injection (depletion) and derive analytical expressions for the coupling between P and all components of the total stress tensor. Pore pressure and stresses are calculated taking into account different tectonic regimes. For three scenarios we analyze the effect of pore pressure/stress coupling on fault reactivation for cohesionless and cemented faults. Terzaghi (1943) showed for soil and unconsolidated rocks, that the effective stress changes are determined by the amount of pore pressure change. This concept is successful in the interpretation of injection induced seismicity, e.g. for secondary production methods or enhanced geothermal systems (Deichmann and Evans, 2007) where an increase in P reduces the effective normal stress on the fault and increases the likelihood for failure. The theory of poroelasticity refined the effective stress concept. For saturated porous rocks the effective stress is
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with the effective stress coefficient or Biot-Willis parameter α. Substituting the effective stress law in the constitutive equations and combining it with the pressure diffusion equation leads to a coupling of pore pressure and stress. This means that P does not only affect the effective stress but also the total stress. Engelder and Fischer (1994) and others explain the pore pressure induced changes of the minimum horizontal stress σ h by poroelastic effects and obtain a simple relationship under the assumption of equal horizontal stresses (σ h = σ H ), constant vertical stress σ v and no horizontal strains:
For α = 1 and a Poisson´s ratio of ν = 0.25, Eq. 2 yields Δσ h /ΔP = 2/3. This ratio has been observed in many reservoirs by repeated P-and σ h -measurements (Engelder & Fischer, 1994; Teufel et al., 1991) .
Tensor Character of Pore Pressure/Stress Coupling
Our approach for the pore pressure/stress coupling ratio considers the effect of P on all principal stresses, not only on σ h . We consider a homogeneous, saturated poroelastic medium, and use the equations for the spatio-temporal pore pressure and stress distributions caused by continuous fluid injection (depletion) at one point (Rudnicki, 1986) . We derive the long-term limits (t → ∞) of the pore pressure/stress coupling ratio Δσ/ΔP for the radial stress Δσ rad and the tangential stress This means that in the long-term limit, the radial stress is affected twice as much as the tangential stress by a change in P. The principle stress tensor, after a pore pressure change ΔP, is then given by: nd EAGE Conference & Exhibition incorporating SPE EUROPEC 2010 Barcelona, Spain, 14 -17 June 2010 
The effective principal stress tensor, after a pore pressure change ΔP has occurred, results into: 
Without consideration of pore pressure/stress coupling a 30 MPa pressure drop in the reservoir would increase the effective principal stresses by 30 MPa, leading to fault stabilization. Depletion can lead to a significant reduction in P in the order of 10's of MPa, depending on production rate and time since start of production, e.g. 20 MPa pressure drop from 1975 to 1990 in the Ekofisk field (Teufel, 1991) . However, under consideration of pore pressure/stress coupling, a pore pressure reduction of 30 MPa causes σ rad,eff to increase by 10 MPa and σ tan,eff by 20 MPa. This results in a change in differential stress of maximal 10 MPa, depending on the tectonic regime and the position within the reservoir.
Such differential stress changes are significant at reservoir depth, e.g. σ v ≈ 45 MPa at 2 km depth.
Implications for rock failure
For failure the amount of differential stress is essential. To infer the effects of pore pressure/stress coupling and the associated differential stresses changes for reservoir injection (depletion), we analyze the stress state of the long-term injection (depletion) for different tectonic regimes. In the following we consider a hypothetical reservoir (Figure 1 ) in which we deduce the stress changes caused by pore pressure variations for long injection (depletion) times at 3 positions along the principal stress axes at equal distance to the injection (depletion) point P. Point A is located on the σ Haxis, Point B on the σ h -axis and Point C on the σ v -axis.
Figure 2 displays the effective stress states at positions A, B and C by Mohr circles of different colours. The black solid line Mohr circles indicate the initial effective stress state, the black dashed line Mohr circles the effective stress states caused by injection (depletion) without considering pore pressure/stress coupling. The stress states at position A, B, C after injection (depletion) and taking pore pressure/ stress coupling into account, are given as blue, red and green Mohr circles. The longterm limit pore pressure change was assumed to be moderate (±15 MPa) and equal in all examples. Under consideration of pore pressure/stress coupling the differential stress, and thus the size of the Mohr circles can be constant, decrease or increase, dependent on tectonic regime and location with respect to the injection (depletion) point, but differs always from the uncoupled case (dashed line). . Reactivation of faults in NF-regimes due to depletion is most likely along the σ h -axis. In the case of injection, the effective vertical stress reduces by 1/3 ΔP at point C, whereas both effective horizontal stresses reduce by 2/3 ΔP, what leads to larger a differential stress. At point A, both the effective vertical and effective minimum horizontal stress are reduced by 2/3 ΔP, hence the size of the blue Mohr circle does not change. At point B, the effective vertical and the effective maximum horizontal stress are reduced by 2/3 ΔP, the effective minimum horizontal stress by 1/3 ΔP, leading to lower differential stress. Thus, fault reactivation in a NFregime due to injection, is most likely along the σ v -axis.
Strike Slip Regime (SS-regime, σ H > σ v > σ h ): Injection into a SS-regime increases the differential Thrust Faulting Regime (TF-regime, σ H > σ h > σ v ): Failure is most likely above or below the depletion point. In contrary, injection causes the differential stress to increase along the σ H -axis and to decrease along the σ v -axis, which enables failure in direction of σ H . The likelihood for reactivation depends on the state of stress, but also on the constraints of the fault. Cohesionless, critically stressed faults are most likely to be reactivated during injection because the mean effective stress is reduced. They are less sensitive in case of production, because the increase of mean effective stress counteracts the differential stress change. Concerning cemented faults with cohesion, pore pressure/stress coupling can reactivate faults also during depletion and cause leakage.
If two of the principal stresses are similar in magnitude prior to injection (depletion), the tectonic regime might be locally changed by injection (depletion) due to pore pressure/stress coupling. A change of the tectonic regime has significant effects on a number of geomechanical issues like wellbore stability, because the failure conditions around wellbores depend on the relative stress magnitudes (Fuchs and Müller, 2001) . Also the orientation of hydraulically induced fractures is affected by local regime changes. In SS-regimes the fractures are vertical perpendicular to σ min , in TFregimes they might be horizontal because σ v is the minimum principal stress.
Conclusions
The filling of reservoirs depends on the seal capacity of the reservoir bounding faults and the cap rock. Our investigations contribute to understand potential seal or cap rock leakage. Our results show: Pore pressure affects all principal stress components. The stress components can be considered in terms of radial and tangential stresses with respect to the pore pressure cloud. The stresses induced by pore pressure changes modify the likelihood of fault reactivation. For injection in SS-and TFregimes, the likelihood for fault reactivation is greatest along the direction of σ H , in NF-regimes reactivation is most likely above or below the injection point. For depletion in NF-and SS-regimes, fault reactivation occurs most likely in σ h -direction. In TF-regimes, reactivation is most likely in vertical direction. Cemented faults are more likely to be reactivated by pore pressure/stress coupling than cohesionless faults. Pore pressure/stress coupling can locally modify the tectonic regime, thus cause significantly different stress conditions as information of geomechanical models.
